Gradients in diffusible morphogens have long been postulated to have a role in the establishment of polarity and pattern formation in developing animal embryos. In the cellular slime mould Dictyostelium discoideum, several morphogens have been described and their interactions and location in the multicellular 'slug' stage are being studied. Here we report that two cell surface antigens, which identify prespore and prestalk cells, respectively, are present at different levels on the surface of cells depending on their position within the slug. This is the first evidence of the existence of gradients in cell surface molecules in Dictyostelium discoideum tissues. The level of prespore glycoprotein PsA on the surface of prespore cells increased progressively along the length of the slug, so that the rear cells had the highest surface density of this glycoprotein. Since the pspA gene, which encodes PsA, is CAMPregulated, this raises the possibility that expression of PsA reflects an underlying morphogenetic cAMP gradient. The level of the MUD9 antigen, which is prestalk-enriched, decreased on the surface of prestalk cells towards the rear of the slug. As this correlated with a decrease in size of these cells along the length of the slug, it is possible that the surface density of this antigen is approximately constant. We have also identified a population of prestalklike cells that lack both the PsA glycoprotein and the MUD9 antigen. These cells primarily occurred in the posterior of the slug and could represent the population of cells that form the basal disc.
Introduction
The cellular slime mould Dictyostelium discoideum consists of single-celled amoebae during the feeding stage of its life cycle; as food becomes scarce the cells aggregate together to form a multicellular 'slug' consisting of about lo5 cells (Raper, 1984) . These slugs are motile, but eventually form a sessile fruiting body. Two principal cell types exist within the slug, the prespores and prestalk cells which will form the spore head and the stalk respectively of the fruiting body. Recently the prestalk cells at the anterior of the slug have been shown to be heterogeneous on the basis of expression of genes encoding secreted proteins ST3 10 and ST430 (Jermyn et al., 1989) .
Studies on the establishment of spatial cell patterning in D . discoideum have in the past centred on diffusible morphogens including cAMP (Kay et al., 1978) and DIF (Morris et al., 1987) and to a lesser extent adenosine (Schaap & Wang, 1986) and NH, (Gross et al., 1983) . By contrast, the emphasis in animal systems has been on the *Author for correspondence. Tel. (02) 805 8212; fax (02) 805 8174; email Williams @ angis.su.oz.au. role of gene products in tissue organization (Nusslein-Volhard, 1991) . Retinoic acid has been considered to be the first vertebrate morphogen (Thaller & Eichele, 1987) , but recent evidence raises some controversy on this issue (Wanek et al., 1991; Noji et al., 1991) .
In D. discoideum two cell surface glycoproteins have been found using monoclonal antibodies (mAbs) to identify prestalk and prespore cells (Krefft et al., 1984) . One of these, the prespore surface glycoprotein PsA, is well characterized (Gooley et al., 1992) . It is likely that the expression of these cell surface antigens is important in tissue formation, and so their spatial expression within the slug is examined here.
We found non-uniform expression in the cell surface distribution of both of these molecules along the long axis of the slug. In addition, a sub-population of cells which lack either antigen was discovered at the rear of the slug. FALS (correlated with cell size), the y-axis mAb labelling with MUD1-FITC (PsA) on the surface of the cells. For both axes, the channel numbers are arbitrary units. Total cell count was about 40000 and the three contour lines represent cell counts above 15, 25 and 50, respectively. The cells which label with MUDl (PsA) are the prespore cells (psp). The mean level of PsA on the cell surface of these cells increases towards the posterior of the slug (see b), while the FALS of these cells remain similar (c). The cells not labelled by MUD1, called here for convenience the prestalk cells (pst), are more abundant in the anterior. There is a decrease in mean FALS of these cells towards the posterior of the slug (c). (b) Flow-cytometer-generated mean MUDl labelling on the cell surface of the prespore cells for slug regions 1 4 . Error bars represent f 2 SEM for 3-5 estimates of each slug region. (c) Flow-cytometer-generated mean FALS of the prespore and prestalk cells for slug regions 1 4 . Error bars represent f 2 SEM for 3-5 estimates of each slug region. , were prepared and conjugated with fluorescein isothiocyanate (FITC) or R-phycoerythrin (PE) as previously described (Bernstein et af., 1988) .
Flow analysis of cells. Migrating D. discoideum slugs of strain WS380B each comprising about lo5 cells were prepared as previously described (Browne et al., 1989) . Slugs were divided into four sections of approximately equal length from anterior to posterior using a flattened platinum wire. About four slugs were matched for size and age (determined by distance of migration from the origin) and combined for flow cytometry. 'Young' slugs were those which had completely left the origin but had migrated less than 2 cm (less than 48 h) and were elongated in shape (Breen et al., 1992) . Mature slugs had migrated between 2 and 4 cm (approx. 2 4 d) from the origin.
Slug samples were disaggregated to single cells and labelled as previously described (Browne et al., 1989) with either FITC-coupled MUDl or FITC-coupled MUD9. For two-colour analysis, FITCcoupled MUDl and PE-coupled MUD9 were used. Cells were analysed without further washing using a Coulter Epics V flow cytometer. For single-colour analysis each cell was analysed for two variables : forward angle light scatter (FALS) as a measure of relative size, and integrated green fluorescence as a measure of number of mAb molecules attached. Two-colour analysis was as described in Bernstein et al. (1988) .
Results
If the expression of cell surface glycoproteins reflects spatial morphogen gradients, it might be expected that these molecules will not be uniformly distributed along the slug. This prediction was borne out for PsA on prespore cells and the MUD9 antigen on prestalk cells. This was not the case for the MUD9 antigen on prespore cells as it was expressed at a constant low level along the slug.
PsA levels on the surface of prespore cells show a gradient along the slug Flow cytometry displays of FALS, a measure of size, vs mAb MUD 1 label (which specifically identifies glycoprotein PsA) showed that the average number of molecules of PsA on the surface of prespore cells increased from the anterior to the posterior of the slug (Fig. l a ) . Data from at least three experiments showing the mean levels of MUD1 label along the slug confirmed this conclusion ( Fig. 16) . A trivial explanation for this change could be that prespore cells are different in size along the slug. This was shown not to be so, as there was no significant change in peak FALS (an indication of size) of the prespore cells in different sections ( Fig. 1 c) . Therefore, the change in levels of PsA represents a change in density of surface expression.
There was a clear discontinuity between prespore cells and other cells (commonly called prestalk cells, but see region. NB Prestalk cells, although clearly present in regions 3 and 4, did not form a discrete sub-population, and therefore the mean channel numbers for these cells were calculated with less accuracy than those for regions 1 and 2.
later) based on MUD1 staining. The prestalk cells in all sections were unlabelled with MUD1.
MUD9 antigen on the prestalk cell surface shows a gradient along the slug
Flow cytometry displays of FALS vs MUD9 label showed that the level of MUD9 antigen on the surface of prestalk cells was highest at the anterior and decreased towards the posterior of the slug (Fig. 2a) . Data from at least three experiments are summarized in Fig. 2(b) in which mean peak MUD9 levels along the slug are plotted. The average size (FALS) of prestalk cells decreased towards the posterior (Fig. 2a, c) . The same decrease in size of prestalk cells along the slug is apparent in Fig.  l ( a , c) where cells were labelled with MUD1 (prestalk cells are those lacking MUD1). As both the size of cells and the levels of MUD9 expression decreased towards the posterior it may be that the density of the MUD9 antigen on the cell surface remains constant. Hence, unlike the situation observed for PsA on the prespore surface, the gradient of MUD9 label on prestalk cells may reflect a change in size of these cells along the slug. Fig. 2(b) also displays the mean levels of MUD9 label on the surface of the prespore cells, which while present at low levels showed no significant difference along the slug length. It is important to note that prespore cells do not change in size along the slug (Figs l c and 2c).
Surface antigen levels vary with slug age
PsA levels on the surface of prespore cells increased as the slugs matured (Fig. 3) . The prespore cells of elongated slugs just out of the pick, i.e. slugs which had not yet drawn up their tail to become compact, had very low levels of PsA on the cell surface. In fact, the level of PsA in young slugs was found to be low in all sections and no significant difference could be detected between anterior and posterior zones in terms of MUD1 staining (data not shown). Mature slugs showed the gradient of cell surface molecules along the slug length as described in Figs 1 and 2.
The levels of the MUD9 antigen on the surface of prestalk cells did not vary significantly between young elongated slugs and mature slugs (data not shown). 
IdentiJication of a class of cells lacking both PsA and MUD9 antigen
Two-colour results (MUD1 and MUD9 labelling) of whole slugs showed that some particles had low levels of both PsA and MUD9 antigen (Fig. 4a , whole slug, section at origin). On analysis of the FALS of these readings, it was apparent that some particles had FALS measurements similar to cells (Fig. 4b, whole slug) . However, it was difficult to interpret whether this was a valid cell subpopulation as these readings formed a tail of the distribution of the vast majority of measures which peaked in the FALS range indicating cell debris, etc. (Fig. 4b whole slug, inset) and were a small proportion (approx. 5 % ) of the total readings with FALS above threshold levels.
Anterior slug sections had a similar distribution of FALS data for particles lacking MUD1 and MUD9 antigens to that seen in whole slugs (Fig. 4b, 1 and 2) where only a small number of particles had sufficient FALS to be cells, and no population curve could be clearly seen. However, sections towards the posterior of the slug (Fig. 4b, 3 and 4 ) showed that particles lacking both PsA and MUD9 antigen were more abundant (approx. 15 YO) and their FALS values formed a distinct distribution curve quite separate and identifiable from those of cell debris (see also Table 1 ).
The FALS distribution of this subpopulation was similar to that of other cells in these sections. Since both cell types in the rear of the slug had a similar FALS (Figs 1 and 2), it was not possible to identify whether these cells were of prespore (losing PsA) or prestalk (losing MUD9 antigen) origin.
It is concluded that in the posterior half of the slug there is a class of cells lacking the normal cell surface levels of both PsA and MUD9 antigen. The data do not exclude the possibility that a small number of similar cells may also be present in the anterior regions. Prestalk cells (MUD9-positive) had a greater range of both size and MUD9 expression at the anterior (Fig. 2a) . Although a discrete cell subpopulation could not be detected, this may reflect heterogeneity of cell type, as the distribution had sufficient spread to include measures similar to those of cells in the posterior sections. Fig. 4 (a) (3 and 4) and Table 1 also show that the rear of the slug has very few 'classical' prestalk cells, i.e. those with high levels of MUD9 antigen and lacking PsA.
Discussion
Prespore and prestalk cells have long been known to have a different spatial distribution in the D. discoideum slug. This was first established by the use of vital dyes (Bonner, 1952) , but more specific markers were found with the advent of the first polyclonal (Takeuchi, 1963) and later monoclonal antibodies and lectins (West & McMahon, 1979; Gregg et al., 1982; Tasaka et al., 1983) . The original view of a simple prestalk anterior and a prespore posterior pattern was superceded when it was realized that there are as many prestalk-like cells in the rear of the slug as there are prestalk cells in the front (Sternfeld & David, 1982; Voet et al., 1985) . Our observations are in accord with those of Takeuchi et al. (1977) that the prestalk cells in the rear lie along the length of the ventral surface. Anterior-like cells at the rear of the slug have been considered to be similar to the heterogeneous at the molecular level. Jermyn et al. (1989) found three classes of prestalk and anterior-like cells on the basis of expression of two genes encoding extracellular matrix proteins ST310 and ST430; Gomer et al., found at the very tip (Kwong et al., 1988) .
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In the above studies, subpopulations of prestalk cells 2 and 3 78 12 10 were found to be qualitatively different, based on different molecules. Whilst two proteins secreted by the prestalk cells, ST310 and ST430, may exist as a gradient prestalk cells at the anterior of the slug, although some in the matrix of the slug, these proteins are entirely differences have been suggested in cAMP responsiveness extracellular (Early et al., 1988) . Here we have presented (Sternfeld & David, 1981) and expression of acid the first evidence of a cell surface spatial molecular phosphatase (Weijer & Durston, 1985) . In addition to heterogeneity. The expression of the MUD9 antigen on the spatial patterns described above, the prestalk the prestalk cells decreases rearwards. The cells in the population of the slug is being shown to be increasingly rear appeared either to have lost or to be losing the 4 81 5 14
MUD9 antigen from the cell surface. It is possible that the prestalk cells are largely responsible for slug movement by fountain flow (Ode11 & Bonner, 1986) , and that the gradient of MUD9 antigen reflects the different movement profile along the slug. Density gradient methods for separating disaggregated slug cells often result in more than one band for a cell type. The molecular basis for the difference in density is still unknown. Lam et al. (1981) found slug cells separated into three bands, two of which were identifiable as prespore and prestalk cells, respectively. The third band, which represented 3 % of the cells, was found to be prestalk-like from enzyme assays, and could conceivably be the same class as the cells lacking MUD1 and MUD9 described in this report. From their position in the slug these cells could be precursor cells for the basal disc.
There is no evidence for heterogeneity of prespore cells based on different molecules, but with this report, there are now two reports of heterogeneity in quantitative levels of prespore gene products. The possibility of a gradient of expression of an internal prespore protein, SP60, has been suggested by Haberstroh & Firtel(l990) . This result should be treated with caution, as no gradient was detected with an intact gene present, although studies with mutants containing successive deletions of a repeated CA-rich element and surrounding sequence resulted in a gradient of decreased expression of SP60 from anterior to posterior. This gradient was opposite in direction to that found by us. PsA increases in density on the surface of the prespore cells towards the posterior of the slug. The gradient appears to be significant as the other characteristics of the prespore cells of mature slugs examined (i.e. size and MUD9 expression) were not shown to be spatially regulated.
The challenge now is to see if gradients in cell surface glycoprotein expression (gene activity) reflect morphogenetic gradients. There is a great deal of evidence that cAMP is involved in the induction of gene expression of internal proteins in D. discoideum slug cells (reviewed by Williams, 1988) and the cell surface protein PsA is known to be CAMP-regulated (Barklis & Lodish, 1983) . While the anterior of the slug is believed to be the centre of emission of cAMP pulses (Schaap, 1986; Otte et al., 1986) , this same region also has greater activity of phosphodiesterase which degrades cAMP (Otte et al., 1986) . Although obtaining accurate measurements of extracellular concentrations of cAMP in the slug is difficult, these factors are proposed to result in pulsatile cAMP levels in the anterior of slugs and higher, constant levels of cAMP in the posterior (Wang et al., 1988) . Prespore gene induction is believed to require continuous high levels of cAMP (Firtel, 1991) . These results raise the possibility of a connection between an extracellular cAMP gradient within the slug and a gradient in the expression of the cell surface glycoprotein PsA. Our results also show that the establishment of the PsA gradient is developmentally regulated, as very young slugs have a lower level of PsA on the cell surface and no gradient was detectable. All of these results are consistent with theoretical predictions that the time taken to establish a Gierer-Meinhardt-type gradient in a slug, which may be 1-2 mm long, will require many hours (Morrissey, 1982) . Morphogenetic gradients are well described in D.
discoideum, but no morphogens have yet been definitely established in other systems. In Drosophila, the products of the genes bicoid and dorsal form concentration gradients along the embryo axis, but this is at the syncytial stage of development, and the gradients may arise from diffusion within the cytoplasm (St Johnston & Nusslein-Volhard, 1992) . Very recent evidence for cell surface gradients of adhesive molecules has been reported upon cellularization in insect development (McAllister & Goodman, 1992) . In animal development, which is fundamentally cellular, retinoic acid exists as a shallow gradient in the vertebrate limb bud (Gurdon, 1992) but controversy remains as to whether it is a true morphogen associated with the regulation of gene expression (Wanek et al., 1991; Noji et al., 1991) . This work begins the connection between morphogens and cell surface molecules, in this case the PsA glycoprotein of prespore cells and the MUD9 antigen of prestalk cells of D. discoideum.
PsA is a major cell surface molecule of prespore cells. Our preliminary studies (V. M. Bowers & K. L. Williams, unpublished) suggest that it is an adhesion molecule involved in heterophilic binding. To form a tissue, cells must adhere and here we claim that the PsA cell surface molecule, which is morphogen (CAMP)-regulated, is expressed in a spatial manner. It is not apparent in young slugs of strain WS380B, but coincides with the slug maturation which involves shortening by speeding up of the rearmost cells (Breen et al., 1992) . We argue that the mature D. discoideum slug tissue has more adhesive prespore cells in the rear, which maintain the compact shape of the back of the mature slug.
